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Preface

The purpose of this investigation is to determine the energy
associated with the electromagnetic spectrum between 100 kilohertz and
100 megahertz from high altitude nuclear EMP. The computer code
developed to generate simulated EMP fields (EMPFRE) is designed to be
flexible. The gamma ray pulse can be represented as a collection of
functions or can be adapted to read and interpolate between a set of
data points. Other physical parameters such as Compton electron
characteristics are easily identified and changed. A parametric study
is conducted to determine cause and effect relationships between burst
parameters and the frequency characteristics of the EMP.

I would like to thank my faculty advisor Lt. Col. John Erkkila for
his patience and understanding. He applied his experience in this field
to guide me away from fruitless endeavors but allowed me to do my own
work. The insight I gained from his advice is appreciated.

Finally, I would like to thank my wife, - for her endless
reserves of patience, This thesis would not have been possible without

her support.
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Abstract

A program is developed to model the electromagnetic pulse from a
high altitude nuclear detonation. A Runge-Kutta numerical technique is
used to solve for the electric fields. A continuous Fourier Transform
of the EMP is used to determine the frequency profile of the EMP.
Parametric studies are performed to determine cause and effect
relationships between burst parameters and the EMP frequency profile
from 100 KHz to 100 MHz. Burst parameters studied are: gamma pulse
time history, gamma ray energies from 1 MeV to 10 MeV, gamma ray yield,
height of burst from 75 Km to 200 Km and intersection angle of the slant

range with the geomagnetic field from 90 degrees to 30 degrees.

viii




I. INTRODUCTION

BACKGROUND

EMP (electromagnetic pulse) is a prompt effect of a nuclear
explosion, consisting of a broad spectrum of radio waves. These radio
waves can induce electric currents into unprotected systems. The
currents cause resistive heating that can melt electrical contacts or
damage electrical components. Estimates of the shape and magnitude of
the EMP are based on sparse experimental data and computer simulations
of the physical processes which generate the EMP.

Studies conducted in the late 1950's concluded that the EMP from a
high altitude nuclear explosion would be confined to the upper
atmosphere and would not be a threat to systems near the ground;
therefore, little attention was paid to the subject. EMP resurfaced as
a problem in 1962 when a 1.4 megaton bomb detonated 248 miles above
Johnson Island was believed responsible for the failure of street lights
in Hawaii (800 miles away) (Ref 3). A subsequent experiment to
characterize the EMP was inconclusive because the magnitude was still
underestimated and the equipment used was saturated by the EMP. TIn late
1963, scientists at Los Alamos Corporation and the RAND Corporation were
the first to explain the physical processes which generated the EMP,
The limited test ban treaty precluded the experiments that could be used
to verify the theory of EMP generation (Ref 3:1009).

"Defense strategists today assume that a single Soviet warhead
detonated 200 wmiles above HNebraska would knock out unprotecteld

communications equipment all across the United States™ (Ref 4:1248).

|4 -




The projected damage to military systems are based on two assumptions.
First, the EMP will have peak fields on the order of 50,000 volts per
meter, Second, the high frequency end of the electromagnetic spectrum
has sufficient energy to induce large electrical currents into exposed
lengths of wire. The amount of energy in the high frequency end of the
electromagnetic spectrum depends on the peak electric field and shape
paramneters such as the rise time (time required to reach the peak of the
pulse). The damage potential is sensitive to the EMP spectral

characteristics.

SCOPE

This investigation determines the energy associated with the
frequency components of the EMP from a high altitude nuclear detonation.
Tals goal is achieved 12 two stages, First, a computer code [IMPFRE> is
developed to model the processes that create the EMP, Second, a
continuous Fourier transform is found for the simulated EMP and
Parseval's theorem is used to calculate the energy associated with the

frequencies between 100 kilohertz and 190 megahertz.

ASSUMPTIONS AND LIMITATIONS

EMPFRE calculates the electr

o

cal field strength at iiscrete values
of time up to 4 shakes {1 shake=z1Z~8 seconds). The late time electric
fields will not have significant impact on the frequency range of
interest. The energy distributions are based on this time range.

ZMPFRE relies on approximations developed by Karzas and Latter (Ref

9) for the currents and secondary electron density. Discrete numerical

metnods are used extensively including a fourth order Runge-Xutta

2




technique to solve for the electric fields. Discussions of the impacts

from these approximations are presented in Chapter IV.

OVERVIEW

The background theory for high altitude EMP is presented in Chapter
II. The methods used to model the processes that generate EMP are
presented in Chapter III. Sample results are presented in Chapter IV to
characterize the errors due to program parameters, Parametric studies
relate burst parameters to frequency characteristics in Chapter V.

Conclusions and recommendations are made in Chapter VI.




II. THEORY

This chapter is a distillation of theoretical work done by W. J.

Karzas and R. Latter (Ref 93), J. H. Erkkila (Ref 5,6,7) and C. L.

Longmire {(Ref 12). Information from these sources form the theoretical
foundation needed to understand the processes that lead to the
generation of high altitude, nuclear EMP, The primary source of EMP
from high altitude detonation is the result of the gamma rays. Gamma
rays account for 0.1 to 0.5% of the tnotal yield. Gamma rays entering
the atmosphere produce Compton electron currents. Maxwell's equations
predict the electromagnetic fields resulting from these currents. The
electromagnetic fields that are transverse to the gamma ray direction
propagate from the absorption region to the ground. Processes relating
Lo this phenomenom ar= desceribed and references are proviied far further

detail.

GAMMA RAY DEPOSITION
The number of gamma rays emitted from a nuclear detonation as a

function of time is written as:

Y
{ = = (2.1
SY\t) = E f(t) \Z 1
where Y -total energy of gamma ray yield
E -mean energy of the gamma rays emitted

f(t) -time dependence of the pulse

The time dependence of the pulse is normalized:

a

[PENVG . = 1 (2.2)

4
-0
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The prompt gamma ray emission prate is proportional to the neutron
population in the device. The gamma ray pulse from a fission device
will rise exponential ly with the neutron population. Prompt gamma rays
are generated by inelastic col lisions between neutrons and the device
materials and by fission reactions.

The density of Compton recoil electrons produced per gamma ray

emitted from the burst as a function of position is written as

r
dr!
exp -/ --
® Ap(r) (2.3)
g(r) s —_—
unrlx (r)
where Ac(r} -gamma ray mean free path

A (r} -mean free path due to Compton interations

r ~distance from burst

This expression assumes the gamma ray 1is absorbed by its first
interaction. Multiple scatters are not accounted for., The scattered
gamma ray will lag behind the pulse due to the deflection.

Gamma ray deposition profiles are a function of height of burst
(HO0B) and gamma ray energy. Figures 2.1, 2.2, 2.3 and 2.4 are contour
plots of Compton electron generation density which are used to
demonstrate the dependence on HOB for 1.5 MeV gamma rays. Figures 2.5,
2.6 and 2.7 are plots of Compton electron generation density along
discrete slant ranges which are used to demonstrate the dependence on

gamma ray energy for an exponential atmosphere, The impact of these

paranetars on the EMP is a topic of the parametric studies in Chapter V.
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COMPTON ELECTRON DYNAMICS

The Compton interaction can be visualized as a billiard ball
collision between a gamma ray and a molecular electron. Conservation of

energy and momentum is used to derive the following relationships.

Kinetic energy of the Compton recoil ele2tron

v e _P_ f5 Ay
KE = EY 1"’}) \2ed)
where EY -incident gamma ray energy

p = all - COSO)
a = EY/EO
E, -rest mass energy of tne electron (3.511MeV)

0 -photon deflection angl=

Compton recoil electrecn and photon deflection angles

COT(8) = (1+a)TAN(Z) (2.5
where $ =Compton recoil electron deflection angle

The K1line-Nishina cross sections for Compton scattering describe the
scattering probability verses angle [(Ref 3), The Compton electron is

generally relativistic; therefore, the energy is expressed as

m.¢
~ 8]
E =Kk +me" = ——C-_----_- (2.6)
QO 2] S
V 1 - v© et
where KE =xinotic energy

o
m 2 -rest mass energy of an electron

)

v -velocity of Tompton recoil electron

13
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Solving for the velocity

2 2!
m,C

vze |l sf— . (2.7)

KE + m.c2

The primary energy 1loss nmechanism for Conpton electrons is coulomb
col lisions with molecular electrons. The cnl lisions result in the
ionization of air molecules. Experiments show that one electron-ion
pair is produced per 34 electron volts of energy deposited by a Compton
electron. A 1MeV Compton electron will create 30,000 electron-ion pairs
during its time of flight. For highly relativistic electrons, these
col lisions have little effect on the Compton electron velocity. As the
Compton electron loses energy, the deflections from coulomb col lisions
becomne large. As aresulty, the Tomptonelaectronnas a forward component
of velocity close to the spsed »f light over most of its forward range.
The Compton electron reaches its effective range when the deflections
become large and the net current produced goes to zero. A Compton
electron traveling at the initial velocity over the effective range is a

convenient approximation when mode ling the Compton currents,

RETARDED TIME

The gamma ray pulse from a nuc lear Jetonation can be visualized as
an expanding spherical shel 1 with 3 thiokness »f a2 few meters. In 3
standard time frame of reference, the arrival time of the pulse will be
a function of distance from the burst. A transformation is made to a
frame of reference where a given phas: of the gamma pulse will arrive at

any 1location at the same time. The modified frame of reference is

14




called retarded time (t1). Retarded time is defined as

T=t-2=L (2.8)
C

where t -standard time
r -distance from burst
c -speed of light
The retarded time frame is convenient because the phase of the gamma

pulse does not shift with position.

COMPTON CURRENTS AND SECONDARY ELECTRON DENSITY

Approximations for the Compton currents and secondary electron
density were developed by Xarzas and Latter (Ref 9)., These expressions
are based on two assumptions. First, the Compton electrons travel at
the initial velocity over the entire range. Second, the Compton
electron production rate is constant over the range »f a Compton
electron. The range of Compton electrons at the peak of the deposition
region is on the order of tens of meters. Figures 2.1 thru 2.7 show
that Compton electron production rataes vary slowly over these distances.

The expressions are best understood by writing them down as they

would be in the absence of a magnetic field.

Compton electron density

R/v,
n (r,1) = g(r) Y [ f(1,1') dt’ (2.9}
c Y §
where nc(r,r) ~density of Compton recoil electrons
YY -gamma yield
R -Compton electron range
v -initial Compton electron velocity

LR Y
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f{t,7*) -time dependence of the gamma flux accounting
for the electron's progression through
retarded time

flr,1') = flr -~ 1 (1-v /e)] (2.10)

The gamma ray pulse travels at the speed of light. A phase of the gamma
pulse will have a fixed value of retarded time. The Compton electrons
are traveling at vo<C; therefore, the electron will progress through
retarded time at a rate of (1-vO/C). During the Compton electron's time
of flight (R/vo), the electron will contribute to the Compton electron
desnity in the retarded time range of T (birth) to r+(1-v0/C)R/vo.
Equation 2.9 is the expression for the Compton electron density at r and
T where the integral sums the contribution from earlier retarded time.
Expressions for the secondary electron production rate and Compton
current are based on the Compton electron density.

The secondary electron production rate (ng) from one Compton
electron is assumed to be constant over the Compton electrons range.

The secondary electron production rate is expressed as

R/v

\

ns(r,r):::Qﬁ g(r) & f(t,t') dv’ (2.11)

where Q -number of secondary electrons created per Compton
electron

16




The net Compton current would be in the radial direction.

R/v

Jplr, 1) = -ev glr)e / °f(t,t') dr’ (2.12)
[<]

where € -average cosine of the initial Compton recoil

electron deflection angle

e -charge of an electron

The earth's geomagnetic field impacts the results in two ways.
First, the curvature of the Compton electron's path causes an
acceleration of its movement through retarded time. The expression for
the time dependence of the gamma flux accounting for the electron's

progression through retarded time becomes

v v
£(t,1) = flt = (1 = 2C0S%{0))1" + — sin®{0)sin(w1')] (2.13)
C we
where 0 -angle tetween the earth's geomagnetic field and the

direction of gamma ray motion
w =Larmor frequency for the Compton electrons in the

earth's geomagnetic field

Second, transverse currents are produced. ®olar coordinates with the
axis along the earth's geomagnetic field (Figure 2.3) are used to

describe these currents.

i
i
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Figure 2.8 Polar Coordinate System
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Radial Compton Current

R/%
Jur,1) = -eev g{r) [ = £(1,1')[C0S?(0)

+ SIN?(9)COS(wrt)ldT’ (2.14)

Theta Compton Current

R/v
Jo(r, 1) = —eev g(r) | ° (1,1 )SIN(B)COS(0)
o

«[COS(wr') ~ 1]dt! (2,15

Phi Compton Current

R/v°
J¢(r,r) = ~ecy g(r) { f(1,1')SIN(®)

*3IN(wT')dT" (2.16)

AIR CHEMISTRY

Air chemistry refers to the processes that govern the secondary
electron and ion densities (Ref 7). The processes are described here in
order of dominance in early time for high altitude EMP,

IONIZATION. Compton electrons ionized oxygen and nitrogen in the
air. TIonization is the source for secondary electrons and positive
ions. On the average, 34 electron volts of energy are lost by the
Compton electron per electron-ion pair created.

0, + ENERGY — OZ,' + e

N, + ENERGY — NE + e

ELECTRON ATTACHMENT, Secondary electrons attach to oxygen

molecules to form a negative ion. The primary mode for attachment

requires the simultaneous collision of the secondary electron and two
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oxygen molecules:
e'+02+02—~02+05

Electron attachment removes secondary electrons and creates negative

ions. The rate equations describing this process are

d \
T NelT,r) = -K1(r,r\Ne(r,r) (2.17)
d p N ¢ ‘2
= N_(r,T) = K1(r,r)Je\r,r) 2.18)
where Ne(r,r) ~secondary electron density

N_(r,1) -negative ion density

Kilr,7) -electron attachment rate constant

The electron attachment rate constant is proportional to air density
squared and is a function of humidity and electric field strength. For
high altitude EMP, the humidity is close to zero.

DISSOCIATIVE RECOMBINATION. Secondary electrons attach to positive

ions. The electron binding energy dissociates the molecule:

e‘+0'§—>0+0

9+N§—>.\1+N

Dissociative recombination removes secondary electrons and positive

ions. The rate equations describing this process are

d
T Ne(r,1) = =koNg(r, T IN (r,r) (2.19)




S

|

d

57 Na(m ) = kN (e, N (r, T) (2.20)
where K2 -dissociative rate constant

The dissociative recombination rate is approximately equal to
2x103 m3/sec and is independent of air density.

NEUTRALIZATION. Negative ions attach to positive ions. The

process requires a three body collision:
07 + 03 + M—=0,5 + 0, + M
NS + N3+ M —= N, « Ny + M

where M ~third molecule
Neutralization removes positive and negative ions, The rate equations

describing the process are

d

r N, (r,T) = -k3(r)N+(P,T IN_(r,T) (2.21)
d . A
e N_(r,1) = -k3(r)N*(r,r)N_(r,r) (2.220
where K3(r)-neutralization rate constant

The neutralization rate constant is proportional to air density and is
approximately equal to 3 m3/sec at sea level,

The approximate values for the dissociative recombination rate
constant and the neutralization rate constant are adequate because these
processes have little effect on early time secondary electron and ion

densities. The rate equations of these processes are combined to form a

al o o
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set of coupled differential equations that govern the secondary electron

and ion densities.

%? Ne(r,r) = ns(r,t) - k1(r,r)Ne(r,r)

‘keNe(r‘)T)N+(r'T) (2-23)
d
= N,(r,7) = ng(r,1) - k2Ne(PpT)N+(P,T)

~k3(r)N (r,T)N_(r,1) (2.24)
d
= N_(r,1) = ~k;(r, )N (r,T)

-k3(rIN_(r,T)N_(r,7) (2.25)

AIR CONDUCTIVITY
The secondary electrons and ions drift in response to the electric
field (E). Air conductivity (o) relates the displacement current

density (J) to the electric field strength:
J=06%k (2.26)

Mobility (u) is used to relate the drift velocities to the electric
field strength. The mobility for ions is approximately equal to
2.5x10-% m2/(volt sec) for STP (standard temperature and pressure) air
and is inversely proportional to air density. The electron mobility is
larger than the ion mobility and is a function of field strength and
humidity as well as being inversely proportional to air density. The

conductivity expressed in terms of charge density and mobility is

o(r,1) = [Ng(r,7) uglr,7) + (N (r,1) + N_(r,))u;(r)laq (2.27)

g — —
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where ug(r,7),us(r) ~electron and ion mobilities
o] -charge of an electron
Air conductivity is primarily dependent on electron mobility and

density.

ELECTROMAGNETIC FIELDS

The electromagnetic fields are described by Maxwell's equations.

Maxwell's equations expressed in rationalized MXS units are

veE=P (2.28)
€
o
3B
N
vx s (2.29)
veB:zo (2.30)

Vx§=u°3+——; ] (2.31)
] at
where E -electric field vector
5 -magnetic field vector
p -charge density
£, -permittivity of free space
% -permeability of free space
* .
J -current density vector
¢ -speed of light
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Maxwell's equations are expressed in polar coordinates and retarded time

by making the following transformations:

?—-____pa_
It T
. 13
Vo V-& a7
where ér -unit vector in the radial direction

Maxwell's equations expressed in polar coordinates and retarded time are

written as

r Ly, ¢

. - ¢ - —F = — -\
v E er o BTE = (2.32)
vxb-3 xo2%. 23 (2.33)

X -erXE‘a-‘—r'--ﬁ 03
vebob o« L2330 (2.34)

i A Tl '

v x B - & ‘3 3= 03 L3 z (2.35)

xB-e x<o3B=uje—— (2.35)

e 9T

Karzas and Latter (Ref 9) derived differential equations that describe
the transverse and radial electric fields. Terms involving spatial
derivatives are neglected when compared to derivatives with respect to
T, This is known as the high frequency approximation. The differential

equations resulting from the high frequency approximation are written as

——— e e




Radial Electric Field

] J
'a—TE + o = 0 (2.36)

Transverse Electric Fields

9 ue .,

-a-FpEO + -—2—JO =0 (2.37)
SrE + 485 -0 (2.38)
r ¢ 2Y¢

where

EO, E¢, Er -components of electric field vector

Jdg» J¢, Jp -components of current density vector

The current density is the vector sum of the Compton current density and
the conduction current density. The conduction current is the current
from electrons and ions drifting in the local electric field.

The differential equation for the radial electric field (EQ 2.36)
describes the time variation of the radial electric field in terms of
the local current density. The differential equations for the
transverse electric field (EQS 2.37 and 2.38) describe the spatial
variation of the transverse electric fields in terms of the local
current density and conductivity., The transverse electric fields are

generated in the absorption region and are able to propagate to the

ground.
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ITI. NUMERICAL METHODS

Chapter III discusses the numerical methods used in EMPFRE to model
the processes discussed in Chapter II. The approach used to solve for
the electric fields was developed by J. H. Erkkila (Ref 5). Many of the
approximations made to model the phenomenon were proposed by W. J.

Karzas and R. Latter (Ref Q). The details of the methods used are

presented in the following sections.

BURST GEOMETRY

The geometry and coordinate system used for EMPFRE are shown in

Figure 3.1. ZRMIN and ZRMAX are the upper and lower bounds of the gamma
ray absorption region. RMIN and RMAX are the distances from the burst
point to ZRMIN and ZRMAX along R. EMPFRE calculates the electric fields
along B from RMIN to RMAX. The transverse componenets of the electric ,
field propagate from RMAX to the target with a loss due to spherical
divergence. '
i If the height of burst is less than the default value for ZRMIN (50 |
kilometers), ZRMIN is set equal to the height of burst and ZRMAX is set
equal to the target altitude., If the target altitude is grz2ater than

the default value for ZRMAX (10 kilometers), ZRMAX 1s set equal to the

target altitude., If ZRMAX is set to the target altitude, the radial

component of the electric field is includef.

Polar coordinates centered at the burst point are used to compute
the electric fields. The polar axis is parallel to the eartn's magnetic (

field,
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Figure 3.1 Burst Geometry and Key Variables
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The target location is designated by the rectangular coordinates x,
y and z in meters. The earth is assumed to be flat and z is the target
altitude. The x-axis points to magnetic west. The y-axis points to
magnetic south.

BANGLE (the geomagnetic field dip angle) is specified in degrees.

The angle theta (9) is found by taking the dot product of a unit
vector in the direction of the ea;th's magnetic field (B) and a unit
vector in the radial direction (P):

©=ARC COS(BeF) (3.1)

where B=COS(BANGLE) § + SIN(BANGLE) k

P=x 1 +y J +(HOB -z) K

GAMMA RAY YIELD FUNCTION

EMPFRi 1s designhed t»o analyze the eleatro magnetis pulse from an
arbitrary mono-energetic gamma pulse. The total gamma ray yield
(kilotons), gamma ray energy and a function (F(t)) that is proportional
to the gamma ray yield as a function of time are required as input
paraneters, The yield in kilotons is converted to MeV. The gamma ray
energy 1s used to calculate the yield as number of gammna rays emitted.
Finally, a proportinonality constant ils found to convert the vilue of tne

function to the gamma ray emission rate. The proportionality constant

is derived by integrating the function using the trapeznidal rule:

ittt PR AV A2 o/ .LF Il Yo
TUTsAT L 2R AR Ll Py g ) e R, 2]
where F(r) ~gammi funztion

A1 ~retarded time step

T=r * AT

(¥e)
.
\v}
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The integral of the chosen function multiplied by the proportionality
constant must be equal to the total gamma ray yield:

IQC-F(r)dr:YIELD (3.3)

°
The constant can be taken out of the integral and solvel for witn the

integral approximated by the trapezoidal rule.

YIELD
Cx (3.4)

AT-[F(r1)/2+F(12)...+F(rn)/2]

The function F( 1) can be in the form of a mathematical expression or a

set of data points where interpolation is used.

INITIAL ELECTRON VELOCITY

The intitial relativistic energy of the Zompion el=Ctron 13 given

by
E=KE_+m,c® 2.5
E:mocz/(1-v02/c2} (3.%)
where KE, -initial kinetic energy
Vo -initial velccity
Solving for the initial velocity, the equatinon is
V5=2.99EB-SQRT(1-(0.511/(KE +0.511))2) (3.7

where KE, -initial kinetic energy {(MeV)

v, -initial velocity (meters/second)

MEAN FREE PATH

The absorption coefficients (u) for y-ray interactions in air are

shown in Figure 3.2. The mean free path is ziven by
1
MFP = (3.
Hp
where p -the density of air
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The mean free path for Compton interaction and total absorption is found
using an empirical approximation to Figure 3.2. The equations used to 1

approximate the mean free path is STP air as a function of energy are

For 0.2 MeV < £ < 0.5 MeV

MFP=MFP, =1/[0.0035+ (1n(E)+1.609)/327 1] (2.9)
i
For 0.5 MeV < E < 1.5 MeV i
MFP,=MFP =1/[0.0038-(1n(£)+2.6331)/1927) (3.10° 3
¥
For 1.5 MeV < E < 10, MeV |
MFP,=1/[0.0033+(2.4055-1n(2)) /383 (3.11)
i
V4
MFP,=1/00.0033+(0.4055=1n(E) ) /14231 (3.12) 2

where I -gamma ray enerszy (Me' |
MFP, -mean free path for Compton Iinteraction

MFPt -mean free path for all interactions *

The MF? i3 inversely proportional to air density, therefore; MFP as 3

function of altitude is v

MFP(ALT}:MFPSTD EXP(ALTITYDE/TION Metars) (3.130

-

The MFP for Compton interaction and tntal absorption (where different)

as a4 fuanction of gamma-ray energy ia STP air is generated from an
o

enpirical fit of Figure 3.2. Values for the MFP in STP air are provided

in Table 3.1.

g ——— e e e
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Ganma Compton Total Compton Initial
Energy MFP MFP Electron Electron
(MeVv) (m) (m) Range Velocity
(m) (v/e)
0.2 285.7 0.021 0.37
0.3 275.9 0.073 0.50
0.4 269.4 0.16 0.59
0.5 264.6 0.28 0.67
0.75 282.5 0.68 0.78
1.0 295.0 1.21 0.85
2.0 329.2 319.7 4.06 0.95
3.0 380.9 351.8 7.49 0.98
4.0 428.8 378.7 11.2 0.99
5.0 475.0 402.6 15.0 0.992
7.5 590.7 454.8 24.9 0.997
10.0 714.2 500.8 34.0 0.998
Table 3.1 Data Used in EMPFRE
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COMPTON DYNAMICS

Values for the median Compton electron energy, Compton electron
deflection angle and gamma ray deflection angle were found by using the
Kline-Nishina cross sections for Compton scattering. First, the median
Compton electron deflection angle is determined. The corresponding
Compton electron energy and gamma ray deflection angle are calculated,
COMP is a program written by LTC J. Erkkila that performs this task.

Empirical fits of the results are used in EMPFRE and are given below:

Compton Electron Energy

For E. < 4 MeV

E=EY « {(0.195+(1n(E')+1.609)/5.992) (3.14)
For 5, > 4 MeVv
JOESN (Q.%95+(ln(EY)-1.386)/9.153) 12.15)

Compton Electron Deflection Angle
For 0.2 MeV < EY < 0.5 MeV

9:1.2488-0.18°(ln(EY)+1.609u) {3.16)

For 0.5 MeV < EY < 1.5 MeV
021.0383-0.1422+ (In(E )+0.6931) (3.17)
For 1.5 MeV < EY < 10. MeV

o=0.9163+o.13714o.u055-1n(8;) (3.18)

Gamma Ray Deflection Angle

For 0.2 MeV < EY < 0.5 Mev

¢=U-Yo>4—U.Uch/.\An\an+l.qu/ (319
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For 0.5 MeV < EY< 10. MeV

¢=o.6981-0.6861-(1n(EY)+o.6931) (3.20)

where E -~Compton electron energy (MeV)
E, -gamma energy (MeV)

O <Compton electron deflection (radians)

>

-gamma deflection angle (radians)

Values of Compton electron energy, Compton electron deflection angle and
gamma ray deflection angle from the empirical fits are provided in Table

3.2 along with the results from COMP.
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L .. L
TR UG

Gamma cos o COoS ¢ Energy
Energy [Ref} Error [Ref] Error [Ref] Error
(MeV) (Rad) (%) (Rad) (%) (Mev) (%)
0.2 0.3165 0.7071 0.0390

[0.3160] 0.16 | [0.7082] 0.15 (0.0422] 7.5
0.3 0.3848 0.7338 0.0788

[0.3849) 0.03 | [0.7267] 0.98 [0.0796] 1.0
0.4 0.4320 0.7522 0.1242

[0.4313] 0.16 | [0.76711] 0.68 [0.1232] 0.81
0.5 0.4679 0.7660 0.1739

(0.4650] 0.62 | [0.7671]  0.14 [0.17181 1.2 |
0.75 0.5181 0.8179 0.3116

[0.5213] 0.61 | [0.8107] 0.89 {0.3095] 0.67
1.0 0.5527 0.8511 0.4635

[0.5576] 0.88 | [0.8443] 0.81 [0.4640] 0.11
2.0 0.6396 0.9182 1.158

[0.6370]) 0.41 | [0.9180] 0.02 [1.174) 1.4
3.0 0.6813 0.9485 1.941

[0.6797] 0.24 | [0.9487] 0.02 (1.959) 0.92

[0.7086] 0.14 | [0.9644) 0.16 [2.781] 0.004 ,

[0.7300] 0.11 | [0.9735] 0.35 [3.677) 2.2
7.5 0.7676 0.9915 5.727

[0.7668] 0.10 | [0.9849] 0.67 [5.804] 1.3
10.0 0.7923 0.9976 7.950

(0.7909] 0.18 {0.9900] 0.77 {8.036] 1.1

]
Table 3.2 Empirical Fit to COMP Results




ELECTRON RANGE

Range equations are from Radiological Healtn Handbook ’‘Ref 1b6).

For 0.01 MeV < E < 2.5 MeV

R=412.E"(1.265-0.0954.1n(E)) i

For E > 2.5 MeV

R=530.E-106 (3.22)

where R -range (mg/cm)

E -energy (MeV)

The range in STP air is found by dividing the range (above) by the
density of 3T? zair (QSTP:T.293 mg/om3). Conve=rting to meters and

i
|
correcting for altitude, the final equations are ;

For 0.01 MeV < E < 2.5 MeV

R=3.19.E"(1.265-0.0954.1n(E)) -EXP{ALT/7000) (3.23) :

|

l

For £E > 2.5 MeV i
[

R=4.10.E-0.82.EXP(ALT/7000) {(3.24) A
where R -range (meters) ]

ALT -altitude (meters)

Zlectron range as a function of energy in STP air is provided in Table
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3.2. The electron range includes the effects of straggling; therefore,
the range is the forward component of the electron's path:
§
R= ) PATH -COS(On) (3.25%)
n=1
where PATH -distance traveled between collisions n-1 and n
N -total number of collisions to thermalize the electron

O -deflection angle from original path

The average cos(On) term approaches 1 for high energy electrons early in
TOF (time of flight) and goes to zero for low energy electrons after

many collisions,

COMPTON ELECTRON TIME OF FLIGHT

Tne Compton electron time of fiight is approximat=d by assuming the
Compton electron travels at its initial velocity over its entire range.

Therefore, the Compton electron time of flight is written as

TOF:RANGE(R)/Vo {(3.06°

TOF=RANGE °EXP(ALT/'/OOO)/VO (3.27)

where RANGE(R) -Compton electron range at R
Vo ~-initial velocity

RANGE . -range in 3TP air (meters)
o L&)

ALT -altitude (met=2rs)

Assunming a constant velocity over the ontire range 13 justified for

relativistic Compton electrons at high altitudes because energy loss in

early TOF primarily reduces the electron's mass. Later in the electron




lifetime, the electron will have lagged behind the pulse in retarded
time prinarily due to its curved trajectory. Electrons lagging behind
the gamma ray pulse become unimportant due to the increase in

conductivity.

COMPTON ELECTRON PRODUCTION RATE

The Compton electron production rate is calculated with the
assumption that scattered gamma rays are ignored. The gamma ray flux is
expressed as

R

EXP[-/dr'/A;(r")]
d (3.28"

F_(R,1)=S_(1)
v v MnRz

where A(r) -gamma ray MFP at r (met-rs}
R -position along slant range ‘neters,

SY(T) -gamma ray emission rate at 1 (sea”™ D)

Assuming an exponential atmosphere, the MFP as a function of r can be

related to the MFP in STP air as

(3.29)

MFP(R)=MFP, EXP [fﬁfii;£;?iffi]

where MFP, -mean free path for STP air (meters)
HOB -height of burst (meters)

A ~angle between vertical and slant range
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The Compton electron production rate is found by

(3.30)

i EXP[-dr/MFP, (R)]
No (R, T)=S, (1) (m~3sec™T)

uun2-Mch(n)

where MFPt(r) -mean free path for total absorption

MFPc(r) -mean free path for Compton interaction

For an exponential atmosphere, the formula for Compton electron

production rate as a function of R is expressed as

-7000 [ R-COS(A)-~HOB ~HOB
EXP|e—————— | | EXP =EXP| e——o
COS(A) - MFP, 7600 7000

-

NC(R,1)=SY(T) - (3.:31)
[ HOB<R-COS(A)
4mRZ MFP, - EXP | e
| 7000
where MFP,, MFP, -mean free path for STP air ‘meters)

The gamma rays are assumed to be in a collimated beam. A scattered
gamma ray changes direction and lags behind the pulse. Compton
electrons produced by these gamma rays will not contribute to the EMP
because of the increase in conductivity at late times. Therefore,

scattering removes the gamma ray from the pulse.
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COMPTON CU

RRENT AND SECONDARY ELECTRON SOURCE

Integral equations for the Compton current density and the

secondary electron source density developed by Karzas and Latter are

solved num

Secon

Ns(r,r)

Radia

Jr(r,r)z-

Theta

JG(P)T)z-

Phi C

erically (Ref 9).

dary Electron Production Rate

Vo TOF
~Q TE) G(r) [ flr,7")dr’

1l Compton Current Density

TOF
ev G(r) [ f(x,1)[C0S2(0)+SIN?(0)COS(wr')]d s’

o

Compton Current Density

TOF
ev, G(r) [ f(1,1')[SIN(0)COS(0)(COS(wt')-1)]dT’

(]

ompton Current Density

TOF

J¢051?z-evoc(r)f Flr,DISIN(BSIN(w?))at’
(-]

where

(1,1

TOF ~Compton electron time of flight

f(t,1') -time variation of gamma emission (sec™ )

SIN( wt)

') = fL1-(1-B+C0SZ(0)) 1" +3+SIN?(O) ]
T -retarded time(sec)
r -position along the slant range (m)

Q -number of secondary electrons produced per
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R(r)

G(r)

Compton electron

-initial Compton electron velocity (m/sec)

-Compton electron range (m)

-Compton electron source density per

yield (m~3)

-electron charge (coulombs)

-Larmor frequency for a Compton electron (sec'1)

-the angle between the slant range and the geomagnetic field

-initial velocity (fraction of ¢)

The integral equations were solved numerically. The equations used

to solve for Compton current density and the secondary electron source

density are

listed below:

Secondary Electron Production Rate

N (r,1)=Q 'T'T G(r) 2 flt,1,") At (3.37)

Radial

Compton Current Density

n

J.(r, ) x-ev'G(r) | £(1,1,")[C08%(0)+SIN?(0)COS(wt, ") ]AT" (3.38)

n=1

Theta Compton Current Density

n

Jg'r,1)= ~ev'G(R) | f(1,7,")[SIN(B)COS(O) (COS(wt,')-1)]AT" (3.39)

n= 1
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r—-—————-————-———-————rK

Phi Compton Current Density

Iy

£(1,7,")SIN(O)SIN(wr, ' )AT" (3.40)

J¢(r,r)::-ev'G(r) :

n

"ne-13

where At' -retarded time step size (0.05 Shakes)

! e AT?
Th =n-+ A1

N :R(F)/VC/AT'

v' -component of the initial velocity

in the radial direction

— g —— -

These computations are performed in subroutine current. The 9
retarded time step used to approximate the integrals is 0.05 shakes. !
The gamma output of the device will change slowly over this time for
most gamma histories. This subroutine drives the computation time. )
The program uses about 4 seconds of cpu time per electric field
evaluation on the CDC CYBER 750 at this time increment. Decreasing the

step-size becomes very expensive.




AIR CHEMISTRY
The set of differential equations which govern the electron and ion
densities as a function of time are written as

Electron Density

d
E?Ne(r’T) = S(r,r)-K1(r)-Ne(r,r)-K2°Ne(r,r)-N+(r,r) (3.41)

Positive Ion Density

d
E?N+(r.1) = S(r.r)-KE-Ne(r,r)-N+(r,T)-Ks(r)-N+(r,r)-N_(r.T) (3.42)

Negative Ion Density

(P,T) = K1 (P)‘Ne(r,T)—K3(r)'N+(P)T)'N_(P)T) (3-“3)

Ql
~

where No(r,t) -electron density (m=3)

N,(r,1) -positive ion density (m~3)

N_(r,7) -negative ion density (=)

S(r,t) -secondary electron source density (m‘3'sec‘1)
K1(r) -attachment rate - -stant (sec™))

(proportional to air density squared)
k, =-dissociative recombination rate constant (m3/sec)

K3(r) -neutralization rate constant (m3/sec)

(proportional to air density)

The secondary electron source density is calculated at intervals

equal to the electric field retarded time step. Its value is assumed to

be a linear function of time between evaluations. The first derivatives




with respect to retarded time are replaced by a forward difference
approximation. The numerical method used to solve the air chemistry
differential equations are written as

Electron Density

Ne(r,Tp,q) = Ne(r,rn)+[s(r,rn)-x1(r)'Ne(r,rn)

“KoeNg(r, 1) N (r, 1) ]-AT (3.44)
Positive Ion Density

N (r,Tpq) = N+(r,rn)+[s(r,1n)-K2-Ne(r,In)-N+(r,rn)

-K3(r) N (r,1)*N_(r,1)]41 (3.45)
Negative Ion Density

N_(r,1n+1) = N_(r,rn)+[K1(r)-Ne(r,1n)

-K3(r)°N+(r,rn)-N_(r,rn)]'Ar (3.46)
where AT -retarded time increment
T =n*AT

The retarded time increment is one hundredth the size of the increment
used for the electric field.

The rate constant for electron attachment is a function of the air
density, the electric field strength and the water vapor, The empirical
fit for the rate constant was developed by Longley and Longmire (Ref 11)
and employs cgs units. The electric field (volts/meter) is converted to

electrostatic units per atmosphere. The equations were modified to take

Ly




advantage of an exponential atmosphere. The equations for the empirical

fit are written as
€ = 3.331x10™2+E«EXP(ALT/7000)

where E -electric field (volts/meter)
ALT -altitude (meters)

€ -electric field (esus/atmosphere)

7(1+2.457. p0+834)

™
n

For €4 < e < €5

[(0.1185-p1'668+e)0'5_0,3uu2.p0.83“]2

™
1

For €5 <e

€g= -1.195+p0-834

= 0.07853'(1+2.M57°p0‘83u) (esu/atmosphere)

m
-—
]

= 3.015+1.195°p0'83u (esu/atmosphere)

m
N
[]

p -percent of water vapor

Rate constant for electron attachment (sec")
K = (1-0.01 p)[1+0.344.p) A3+A?]
where Az -two body attachment rate (sec“1)

A, =1.22x108+EXP(-ALT/7000)*EXP(-21.15/¢,)

us

(3.47)

(3.48)

(3.49)

(3.50)

(3.51)
(3.52)

(3.53)

(3.54)




A3 -three body attachment rate (sec™!)

1x108- EXP(-2 ALT/7000) (0.62+800 €2)
Ay = (3.55)
1+1x1o3-52-[so-(1+o.03-sg)30'33

The rate constant for dissociative recombination is independent of

air density and has a value
Ky = 2x10°13 (m3/sec) (3.56)

The rate constant for neutralization is proportional to air

density. The equation for the rate constant is written as
K3 = EXP(-ALT/7000) (m3/sec) (3.57)

The time scale that EMPFRE works with is of the order of 1x10"7

seconds. For this time scale, electron attachment is the key process;

therefore, more effort is concerned with wodeling this process.




ELECTRON MOBILITY AND CONDUCTIVITY

The-electron mobility is a function of air density, electric field
strength and water vapor. The empirical fit for electron mobility was
developed by Longley and Longmire (Ref 16). The electron mobility is
written as

3.331x1077. y,

He = (3.58)
1-0.01 p+0.01-p-R

where
16.8+€o
uy = 1x1G0°EXP(ALT/7000) s (3.59)
0.63+26.7+¢,
R = 1.55+210/(1411.8%c  +7.2¢€,2) (3.60)

p -percent of water vapor

The parameter (so) is defined in the section on air chemistry. Table
3.3 provides values of the electron mobility as a function of altitude
and electric field strength with no water vapor.

The positive and negative ion mobility is approximated by

by = 2.5x104+EXP(ALT/7000) (m2/volt/sec) (3.61)
The conductivity (amps/m/volt) is written as

8(r, T)=[N(ryT)oug(r, T)+ (N (r,T)+N_(r, 1)) eu (r)l-q (3.62)

where Ng(r,T) ~secondary electron density (m=3)
N,(r,1) -positive ion density (m=3)
N_(r,t) ~negative ion density (m=3)

q ~electron charge (1.6x10=19 coulombs)

u7
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For early time, the conductivity is primarily a function of
secondary electron density and mobility; therefore, more effort is used

to model electron mobility than for ion mobility.

SOLVING FOR THE ELECTRIC FIELDS

Three differential equations are solved to find the components of
the electric field:

For the radial electric field (Er)

GEI, Jp+0°EL

—— T T —— (3063)

St €g

For the theta electric field (EO)

- = (Jg+usEg) (3.64)

GE@ EO UO'C
r r

For the phi electric field (Eo)

SE E p,*C

LS ARSI E - (3.65)
§r r 2

where 1 -retarded time in seconds

J -radial Compton current density
€, -permittivity of vacuum
(8.854x10~12 farad/m)
¢ -conductivity
-permeability of vacuum (47x10~/ Henry/m)

¢ -speed of light (2.99x108m/sec)
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T T o ‘
E-field ! ALTITUDE ’
1
i
|
t

| (V/m) 0 Km 1 Km 10 Km 20 Km 40 Km 60 Km

+ 2.389 2.756 9.968 41.59 T24.2 12609

2.754 9.950 41.29 6ul .8 4981,

!
2.742 9.796 38.80 365.2 1460.

|
2.629 8.539 25.74 14,1 usu.u:

[}

|
1.929 4.385 8.899 33.80 272.1@
0.735 1.315 2.539 16.71 247.8
0.208 0.404 1.062 14.35 45,3 .

- ————

Table 3.3 Electron Mobility
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These differential cquations were solved numerically with a fourth

order Runge-Kutta technique. The differential equations are of the form

éE

- = f(x,E) (3.66)

8x

The Runge-Kutta method solves equation 3.66 for E1 at x, +4x when
the value of E, is known at x (Ref 5). The fourth order Runge-Kutta

technique generates 4 estimates of the change in E over the interval Ax:

K1=Axe f(x,,Eqy) (3.67)
K2=Ax+ £ (X +8x/2,E5+K1/2) (3.68)
K3=4xe f(x +*x/2,E +K2/2) (3.69)
Kh:Ax-f(xo+Ax,Eo+K3) (3.70)

The value of E,=E(xy+ 4x! is approximated by

Ey = Eo+(K1+2-(K2+K3)+KU)/6 (3.71)

The Runge-Kutta method is convenient for two reasons. First, the
method requires one value of the electric field to start the
computation. Second, the independent variable increment can be varied
during the computation. The drawback is that the error is difficult to
estimate (Ref 13:74). When the second derivative of the electric field
with respect to the independent variable (x) becomes large, the
independent variable increment must be reduced to avoid instabilities

and reduce error.
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Two scenarios lead to instabilities in the Runge-Kutta technique
for this application.
1) Solving for the radial electric field differential

equation in early time, the second derivative with respect to time Y

will be positive and can become large. An instability occurs when

the initial time increment causes a large error in K1 (too small).
The value of K2 (too large) over corrects for Ki. The value of K3
(too small) over corrects for K2 and becomes even smaller than K1. )

Finally K4 (too large) over corrects for K3 and becomes larger

than K2. The estimates of the increase in the radial electric

field (K1-K4) will oscillate when the second derivative is not 1

equal to zero. These oscillations are reduced by decreasing the

increment when the second derivative becomes large. P
2) Solving for the transverse electric field as saturation X

is reached, the second derivative with respect to position will be .

negative and can become large. An instability occurs when the

initial position increment causes a large error in K1 (too large).

The value of K2 (too small) over corrects for K1. The value of K3
(too large) over corrects for K2 and becomes even larger than X1.
Finally K4 (too small) over corrects for K3 and becomes smaller
than K2. The estimates of the increase in the transverse electric
field (K1-K4) will oscillate when the second derivative is not

equal to zero. These oscillations are reduced by decreasing the

position increment when the second derivative becomes large.
Initial development of EMPFRE used as a fixed independent variable

increment to solve the differential equations. This method was unstable
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for gamma yields that drove the electric field to saturation because the

second derivative with respect to the independent variable becomes large
at that point. Instabilities are forecasted by monitoring the behavior
of K1 thru KA.

When the oscillations grow, the independent variable increment is
reduced and the procedure is repeated. Three tests were used to
forecast instabilities. When one of the following conditions were met,

the independent variable increment was halved:

1) K12 > 2 k22 (3.72)
2) K22 > 2 K12 (3.73)
3) K1 K4<OQ (3.74)

An instability observed without these checks is modeled with a
program designed to study the behavior of K1-K4 and the results are
presented in Table 3.4, The effectiveness of these checks is
demonstrated with Table 3.5 by observing K1-K4, before and after the
checks are implemented,

SOLVING FOR THE RADIAL FIELD. The radial electric field is solved
by applying a fourth order Runge-Kutta technique to the differential
equation for the radial electric field (Eq 3.63). The independent

variable is retarded time. Equation 3.66 becomes

with r=zconst (3.75%)




R K1 K2 K3 K4 J/SIGMA E-FIELD ‘ E
(Km) (Volts/Meter) |
64 9524, 9394. ]
- 66 28.7 25.6 29.9 11.8 9524. 9418, ;
68 25.7 16.5 31.5 ~-20.5 9524. 9435, i
70 31.4 0.61 59.6 ~155. 9524. 9435, f
72 92.2 -81.4 299. -1245. 9524 . 9315,
T4 707. -969. 3126. ~1.5E4 9525. 7622. E :
76  9476.  -1.5E4 4.9E4  -2.5E5 9525. -2.2E4
78 1.7E5  -2.8E5 9.3E5  -4.8E6 9527. -5.8E5

pe- St

Table 3.4 Runge~Kutta Without Automatic Step Reduction

: R K1 K2 K3 Ki J/SIGMA E-FIELD
(Km) (Volts/Meter) '
i isu 9524. 9394. :
66 28.7 25.6 29.9 11.8 9524, 9u18. |
68 10.6 8.97 10.3 7.08 9524, Jus0. | "
70 7.60 6.52 7.60 4.90 9524, 9455, a
72 5.67 4.69 5.80 3.00 9521, 9465. 1
4 4.35 3.21 4,63 1,09 9525. w72, |
76 1.13 1.10 1.12 1.07 9525. 9u78. | 4
78 0.54 0.53 0.54 0.52 9526. 9480 |
- S i
Table 3.5 Runge-Kutta With Automatic Step Reduction
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position held constant. The ray below symbolizes this displacement.

1 Tn Thei
R' — - T

on'Jn'En °n+1'Jn+1'En+1

where Jn,J -radial Compton current for T Thet at R'

n+1

The radial electric field is solved by stepping along retarded time with ‘
-conductivity for positions T Thet at R’ ‘
E. -radial electric field for position Th !

-unknown radial electric field for position The

!

EMPFRE generates values of the current and conductivity for f
positions T, and 7, 4 but the Runge-Kutta method requires an additional !
value at the mid point. The current and conductivity are assumed to be i
linear across At; therefore, the mid point values are the linear .

If the retarded time ‘

and Tnet® '

averages of the values for positions T

step is reduced, additional values are generated. Equations that

generate the estimates of the change in Er over the interval become .

At )
Kiz=- .._‘(Jn+0n‘ En) (3.76)

€ ;

At [(J, +J 1) (o, +0 1f
Kozm — | 20 o TP L (E ek /2) (3.77)

€o L 2 2 4

8T [(Ip+dn,q)  (opeop 7] |
K3ze — |22 o 2 TP L (B ak2/2) (3.78) !

€o 2 2 J
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At
Kize e [J

o

n+1*°n+1°(En*K3)] (3.79)

The unknown radial electric field at Thet is approximated by

Epeq =Ep+[K142 (K2+K3)+K41/6 (3.80)

The radial electric field is assumed to be zero for all R' at 1=0.

SOLVING FOR THE TRANSVERSE ELECTRIC FIELD. The transverse electric

fields are solved by applying a fourth order Runge-Kutta technique to
the differential equation for the theta or phi electric fields (Eqs 3.64
or 3.65). The theta and phi electric fields are considered together in
this section because the differential equations are identical in form
and the method outlined in this section applies to either.

The independent —ariable is the spatial position R. Equation 3.66

becomes

— = f(r,Ep) (3.81)
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A transverse electric field is solved by stepping along the slant
range with retarded time held constant. The ray below symbolizes this

displacement:

T
Tn Thet
T - —
OpsdnrEn %n+129ne17Eney r
where
- t
Jn'Jn+1 a transverse Compton current for Pur Toet at T
- ivi L]
Onr0net conductivity for Tne Thnet at 1

En -a transverse electric field for rn

-unknown transverse electric¢ field for L

EMPFRE generates values of the current and conductivity for

positions r_and r but the Runge-Kutta method requires an additional

n n+1?

value at the mid point. The current and conductivity are assumed to be

linear across Ar; therefore, the midpoint values are the linear averages
of the values for the positions rnpand rp. 4. If the spatial step is
reduced, additional values are generated. EqQuations that generate the

estimates of the change in E; over the integral Ar become

1 ugtceo ug*c
K= =Are o + *E + *Jy (3.82)
r 2 2
L uo°0°(0n+an+1) botC 3.83)
K2z-Ar + (E,+K1/2) 4 _(In*Ingr) (3.83
rp+ar/2 4 n

1

s

A —




1 UO'C'(0n+O . eg

n+1)

o
K3=<Ar . + . (E +K2/2)+

n (Jn*Jn+1) (3.84)

r,+ar/2 ]

1 H.*C*0 H.cC

0 n+

. K4= -Are + 'EEn+K3)+ ‘Jn*1 (3.85)
rn+1 2 2
The unknown transverse electric field for Rn+1 is approximated by

En+1:En+(K1+2‘(K2*K3)+KU)/6 (3.86)

The transverse electric field is assumed to be zero above the absorption

region for all rt.
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n n+1
T
Tn Eor E¢
Prnst "J' +
i Br, ET E1P’E1O'E1¢'O(ET)
|
|
{
§ r l
i
!
f where: o -conductivity
i En ,Ey »E, ~known fields
; EqprEqgr By ¢—unknown fields
!
ﬁ Er -total electric field at ne1r Tn
Figure 3.3 Stepwise Procedure in the Solution of the
Differential Equations (Ref 5)
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COMPUTATIONAL PROCEDURE. The electron mobility is a function of

the total electric field. The conductivity is a function of electron
mobility; therefore, the three differential equations for the electric
field are dependent and must be solved simultaneously. The procedure
for solving for the electric field is symbolized in Figure 3.3. An

estimate of the electric field at r Thel must be made to calculate

n+1’

the conductivity. The conductivity at r Thoq is based on the total

n+1’

electric field (ET) from r This direction was chosen because

n+1’ *n*

the number of retarded time steps is large compared to the number of
positional steps.
The fields along T, are solved for all r. The fields along Thet

have been solved from the top of the absorption region down to r The

n*

transverse fields at r The1 are solved from the fields at r

n+1?’ n’ ‘nst*

The radial field at r Thep are solved from the radial field at r

n+1’ n+1’

T This procedure is repeated until the lower limit of the absorption

ne
region is reached. The transverse components of the EMP will attenuate

as 1/r as it propagates to the ground.




FOURIER TRANSFORM

The formula for the Fourier transform is written as

1 [ 3
gla) = [ E(z) *EXP(-iaT) dT (3.87)
Vo
or
1 @™
gla)= [ E(1) +{COS(at)-i*SIN(at) 1 dt (3.88)
Vo7
where g(a) -Fourier transform

a =angular frequency (sec'1)

The Fourier transform subroutine solves the following integrals

using Simpson's rule:

gla)= | E(D +COS(at)dt-i | Eﬁll +SIN(at)dT (3.89)
- Vo7 - /7 2n

The magnitude of the Fourier transform is found by multiplying by

its complex conjugate and taking the square root of the product:

[g(a)] = [gla)eg (a) 10°5 (3.90)

A relationship between the energy associated with a frequency band

and the Fourier transform is found by applying Parseval's theorem:

fwlg(aﬂ 24 a= fw‘E(r)lZdr (3.91)




The energy (€) associated with the electromagnetic pulse is equal to

- ool
€ = £ — d1 (3.92)
n

where n = (uo/eo)

Substituting this expression of energy into Parseval's theorenm

relates the Fourier transform to energy:

» 2
IS(G)I da

o n

(3.93)

The continuous Fourier transform is evaluated at 30 discrete values
of angular frequency. The energy associated with a frequency is found
by

lg(a)|2

Energy (J-see/m?) = 4 (3.94)
n

To save execution time, the late time electric fields are not
calculated. Terminating the integral for the Fourier transform at the
last value for the electric field E(TN), would produce an artificial
transient. The abrupt termination would effect the frequency content.
The Fourier transform subroutine fits a sine function for the electric

field from E(TN) to an artificial termination at E(TE)=O. The slope of
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i the sine function is matched to the slope the electric field at Tphe The
angular frequency for the sine function (w) is found by
E(Tn_1)-E(Tn)

w = (3095)
A«AT

where At -retarded time step

A ~-amplitude of the sine function

For v > L the electric field is set to
E(t) = A[1-SIN(w*(1-1,))] (3.96)
The upper limit of the integral becomes

T =1+ 1/(20) (3.97)

where E(TE) =0 and dE(T)

dt g

62




Iv. ANALYSIS OF NUMERICAL TECHNIQUE

The solution of Maxwell's equations for high altitude EMP in EMPFRE

involves several trade-offs between accuracy and computer resources.

The purpose of EMPFRE is to show the effects burst, parameters such as
geometry and gamma output, on the frequency content of the EMP. A small
accumulative error is accepted because the basic cause and effect
relationships will be insensitive to the accumulative error associated
with EMPFRE. An effort is made to identify exceptions to this rule.
Parametric studies are made to determine optimum compromises for each
trade-off. A review of these studies is made here to provide insight
about the error accepted in EMPFRE. The input paraneters for the base

case are listed below:

X=0 Meters (4.1)
Y=0 Meters (4.2)
Z=0 Meters (4.3)
HOB=100 Kilometers (4.4)
¥,=0.1 Kilotons (4.5)
E =2 MeV (4.6)
Bz5.5x10> Webers/Meter (4.7)
Dip Angle=0 Degrees (4.8)
NDELR=50 (4.9)
DELT=5x10"'0 Seconds (4.10)

These parameters are held constant while the parameter in question is
varied. The acculative error is estimated by using a sample HEMPB (High

Altitude EMP Program used at the Air Force Weapons Lab) solution as a
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test case. The comparison to HEMPB is made in Appendix A.

COMPTON ELECTRON RANGE

The Compton electron range determines the secondary electron

. production rate in EMPFRE. The program assumes a linear energy loss
over the life of the Compton electron. Therefore, the secondary
electron production rate is proportional to the total local Compton
current, With this model, changing the effective electron range for a

fixed Compton electron energy will impact the secondary electron

production rate. The physical effect being observed by varying the
Compton electron range is changing the secondary electron production

rate.

DU AN

The mean forward range for the Compton electrons is approximatzd by d

a relationship from the Radiological Health Handboox fRef 16:2G9), The

estimate of the electron range for a 2 MeV gamma ray is 4.06 meters at
sea level. The Compton electron range is varied from 2.03 to 6.09
meters. Figure 4.1 shows the variation in the resulting EMP. Figure [
4.2 shows the variation introduced into the frequency content.

The estimate of the mean forward range of the Compton electron
impacts the secondary electron density and the conductivity. The
lifetime of the Compton electron is calculated from the initial electron
veloecity and the forward range; therefore, an increase in the forward

range will increase the Compton electron lifetime., The number of

secondary electrons produced per Compton electron is fixed at 1/33eV.

The secondary electron production rate is inversely proportional to the

Compton electron life-time, An increase in the Compton electron life-

time will decrease the secondary electron production rate and density at
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early times. The resulting decrease in conductivity will cause the EMP

to rise faster and decay slower. The resulting electric fields are
larger and the pulse is broadened.

The change in the electric fields has an impact on the frequency
profile of the EMP. The threshold frequency is defined as the frequency
where the energy begins to drop from its constant value for low
frequencies. The energy increases with Compton range but the threshold
frequency decreases due to broadening of the pulse. An error in the

Compton electron range has a large impact on the resulting EMP.

SPATIAL AND TIME INCREMENTS

A fourth order Runge-Kutta numerical technique is used to solve the
differential equations for the electric fields. The application of this
method is discussed in Chapter III. The solution becomes unstable when
the spatial (for the transverse field) or time (for the radial field)
increments become large. This problem is corrected by internal checks
that halve the increment if instabilities are predicted. The remaining
error is due to the discrete parameter updates.

The key parameter is the electron mobility. The electron mobility
is a function of the electric field and altitude. The electric field is
approximated by the electric field from the last time step at that
position. See Figure 3.6 for a stepwise procedure in the solution of
the electric field. The variation in the EMP associated with increasing
the time increment 1s demonstrated by Figure 4.3. The time increment is
varied between 2.5x10'10 and 2x10~7 seconds. Figure 4.4 shows the

assoclated variation ir the frequency content.
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Increases in the spatial increment produce an error because
parameters such as Compton currents, secondary electron density and
electron mobility will vary across the spatial increment. The variation
in the EMP associated with increasing the spatial increment is
demonstrated by Figure 4,5, The spatial increment is varied between 25
and 100 steps. Figure 4.6 shows the associated variation in the

frequency profile.

LORENTZ MODEL

The Lorentz model assumes the secondary electrons are born at
thermal equilibrium with the electrons drifting in the local electric
field. This approximation is imposed to simplify the calculations but
causes EMPFRE to underestimate the rise time and peak of the EMP, As a
result, the energy associated with the high frequencies are
underestimated.

The secondary electrons are born at about 10 eV (Ref 2) and take
more than 1x10'8 seconds to thermalize from this energy at an altitude
of 20 kilometers. By assuming the velocities are isotropic, the
secondary electrons are effectively at a higher temperature than
proposed by the Lorentz model. A more detailed discussion of this issue
is presented in Chapter VI. The lower temperature predicted by the
Lorentz model over-estimates the electron mobility because the collision
cross sections vary with electron energy. In the Lorentz model, the
secondary electron mobility ranges from 2.39 to 0.195 m¢ /(sea-volt) at
sea level. A crude way to demonstrate the variation in the EMP
associated with the depressed secondary electron temperatare is to set

an upper 1limit on electron mobility. The base case uses the Lorentz
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Model and the maximum mobility at sea level is varied from the Lorentz

model to a maximum mobility of 0.02 m2/(sec-volt) and adjusted for }
altitude. The variation in the EMP associated with the increase in
secondary electron temperature is demonstrated in Figure 4.7. Figure

4.8 shows the associated variation in the frequency content.

TRUNCATION OF ELECTRIC FIELD

EMPFRE calculates the electric field for several shakes and then

terminates the calculation. Test runs indicate the time step size could

be increased after the first few shakes without introducing excessive

error. This approach would be appropriate for examining the electric .;
field but not for studying the high frequency characteristies. 4 {
decrease in the sampling rate would cause aliasing in an unprediztable
manaer., Termination of the pulse Is accounplished by merging a sine
function to it as discussed in Chapter [II.

The angular frequency of the sine function is chosen to match the

slope of the pulse at termination. The impact of this technigue on the

Fourier transform is discussed in Appendix A.
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V. PARAMETERIC STUDIES

The gamma ray pulse from a device rises exponentially. The
parameter for characterizing the rise will vary due to changes in
compression and boosting. The details of the gamma ray pulse history
are not modeled due to classification. EMPFRE approximates the gamma
ray pulse history with a single parameter for exponential rise and a
second paraneter for decay.

Yy (1) = c-[ EXP(a1) ] (5.1)
1+EXP(Be (1-TP))

where a -parameter to characterize exponential rise
R -parameter to characterize exponential decay
TP -time of peak

C -yield normalization constant

For retarded time less than TP, the gamma output of the device rises

exponentially.
YY(T) = CeEXP(at) (5.2)

For retarded time greater than TP, the gamma output »f the devize decays

exponentially.

YY(T) = KeEXP((a=R)e*1) (5.3}

This pulse shape is used far the paranetric studies. "nles: specified,
the parameters for the burs® are;

a =1,0E9/second 54

g =1.5E9/second (5.5)




TP =1.0E-8 second (5.6)

E (=1.5 MeV (5.7)
Y, =0.1 kiloton (5.8)
HOB = 100 kilometers (5.9)
BANGLE =0 degrees (5.10)

TARGET LOCATION:

X =0 meters (5.11)
Y =0 meters (5.12,
Z =0 meters (5.13)

GAMMA PULSE HISTORY

The alpha (a) of the gamma pulse impacts the EMP rise time and peak
field. The gamma ray rise time determines the Compton current history
which directly impacts the EMP. Another mechanism involves the phaéing
between the Compton current and conductivity. The EMP rises with the
Compton currents until the air conductivity becomes large. The Compton
electrons have a time of flight greater than 10 shakes; therefore, the
Compton currents continue to rise while the gamma ray pulse decays. The
decay of the EMP is due to the increase in conductivity. The rise
characteristics of the gamma pulse determines how far the electric field
rises before being choked off by the build-up of conductivity.

The impact of a change in the parameter alpha TEQ. 5.1] on the
electric field is demonstrated by Figures 5.1, 5.3, 5.5 and 5.7. The
impact on the spectral characteristics are indicated by Figures 5.2,
5.4, 5.6 and 5.8, The examples are grouped with equal values of TF,
The TP is chosen to reduce the effects of the functinn starting at a

non-zero value.
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GAMMA RAY ENERGY

The gamma ray spectrum from a nuclear device will be a function of
the mix of nuclear reactions and the composition of the device. The

purpose is to demonstrate the relationship between mean gamma ray energy

and the spectral characteristics of the EMP, No attempt is made to
model the EMP from a spectrum of gamma rays. This would require a
multi-group gamma ray calculation or a model to account for spectrum
hardening. Spectrum hardening is the effect of having the mean energy
of the gamma spectrum increase as the low energy gamma rays are filtered
out faster than high energy gamma rays.

Changing the ganmnma ray energy changes the Compton electron density
profile as discussed in Chapter II. Increasing the energy of the gamna
rays causes the peak of the deposition region to shift to lower
altitudes. The electroa mobility is inversely proportional to pressure;
therefore, the electron mobility is reduced at the peak of the
deposition region. The resulting reduction in conductivity lead tn
larger electric fields.

The Compton electron dynamics are effected by the gamma ray energy.
An increase in the gamma ray energy will cause increases in the Compton
electron enerygy, initial velocity and range. The Compton electrons will
generate secondary electrons faster which enhances the build-up of the
secondary electron density. An increase In the gamma energy will
decrease the mean deflection angle of the Compton electron (Table 3.2Y
This along with the higher intial velocity increases the Compton
current. The net effect from Compton electron dynamics leads to faster

rise times and higher peak electric fields.
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The yleld is set at 0.1 kilotons. This has the effect of reducting
the number of gamma rays emitted from an increase in gamma ray energy.
This will reduce the Compton currents, The impact from changing the
energy of the gamma ray with this approach is demonstrated by Figure
5.9. The variation in the spectral characteristics is indicated in
Figure 5,10,

Another way to see the effects of changing the mean energy is to
fix the number of gamma rays emitted, The impact from changing the
energy with this approach is demonstrated by Figure 11, The 10 MeV
gamma ray pulse is largest but close to the 5 MeV pulse. The effects
due to the Compton electron dynamics are being cancelled by gamma
absorption from pair production. The number of gamma rays is based on
7.1 kiloton yield of 1.5 MeV gamma rays. The variation in the spectral

characteristics is indicated in Figure 5.12.
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YIELD
The yield impacts the Compton currents and the conductivity
histories. Raising the yield by an order of magnitude (0.1 Kt 1.0 Kt)

produced an increase of only 25% in the peak electric field. This is

PR FRIp Wi

‘ due to the effects of saturation. The concept of saturation can be
understood by analyzing the differential equation for the transverse

electric fields.

GET Ep ueC [
— R o = ——.(JT+G‘ET) (5.1)4)
dr r 2

For electric fields greater than the saturation field the conduction
curreat (g*E) would be larger than the Compton current., 1Ignoring the

radial divergence, the electric field will remain less than the

saturation field (-J/o). The air conductivity is increasing with the

Compton currents to hold the peak field down. The increase in the

electric field is due to a change in the saturation field.

At lower yields the electric field is not saturated and the
conductivity remains low. The result is a lower peak electric field but
higher electric fields for time greater than 3 shakes.

Increasing the yield to saturation leads to a shorter pulse with a
faster rise and decay. This increases the energy associated with the
high frequencies with little change in the low frequencies. A further
increase in yield (to YY = 1.0 kiloton) increased the low frequencies
with little change in the high fregquencies. The impact of a change in

yield on the electric field is demonstrated by Figure 5.13. The impact

on the frequency profiles is in Figure 5,14,
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HEIGHT OF BURST

Changing the height of burst has an effect similar to changing the
yield. The Compton current and conductivity are decreased for larger
heights of burst. The deposition profiles for various HOBs are given in
Chapter II. At low HOB (75 Km and 100 Km), the fields are limited by
the saturation voltage; therefore, the peak voltage is relatively
insensitive to decreasing HOB. For large HOB (200 Km), the conductivity
remains low and the electric field doesn't saturate, As a result, the
electric fields are larger for time greater than 3 shakes. Figure 3.15

demonstrates the impact on the electric fields. The frequency profiles

are in Figure 3.16.
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DIP ANGLE

The dip angle of the geomagnetic field will change the trajectory
of the Compton electrons. The phi component of the Compton current is
largest for the dip angle equal to zero. The phi component of the
Compton current will go to zero as the dip angle goest to 90°. The
theta component is zero when the dip angle equals zero. The thets
component reaches a maximum when the dip angle is equal to 45°., Then
the theta component goes to zero as the dip angle goes to 30°,

When the dip angle is at 90° (parallel to the gamma ray
trajectory), there are no transverse currents generated. In this case,
the Compton currents do not form a radiating magnetic dipole. The
resulting EMP would be due to the electric dipole formed by the radial
currents. The electric fields radiating from the electric dipole are
small and are lower in frequency compared to those from the magnetic
dipole for the case of high altitude EMP., The phi component of the
Compton current makes the largest contribution to the magnetic dipole,
The radiated electric fields go to zero as the dip angle goest to 9¢°.

The components of the Compton current are a function of dip angl=
but the conductivity profile will remain the same. A4s a result, the
peak electric field does not shift with dip angle. The effect of dip
angle on the electric field is demonstrated by Figure 5.17. The

frequency profiles are in Figure 5.18.
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VI. CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The EMP from high altitude nuclear detonations is modeled by
EMPFRE., Constraints on the project made it impractical to refine the
nmodel or reduce the error by imposing finer steps for computations.
These limitations do not invalidate the results of the parametri~
studies performed. This project documents basic relationships between
burst parameters and the resulting EMP., The following conclusions are
drawn for the parametric studies.

1) The energy in the EMP is enhanced by a large alpha. This is
due to the phasing between the Compton current and conductivity. An
increase in alpha allows the Compton currents to get larger before the
conductivity gets large. The result is faster rise time and larger peak
fields. The energy associated with 100 MHz is several orders of
magnitude lower for alpha=1.5X108/second than for alpha=2.5X109/second.

2) Tne energy in the EMP is enhanced by higher gamma ray 2nergies;
however, a limit is reached where pair production counteracts the
benefits due to Compton electron dynamics. The energy in the TMP is
increased by more than an order of nagnitude when the gamma ray energy
is changed from 1 MeV to 2.5 MeV. Increases in the mean energy above 5
MeV results in a reduction of the energy.

3) The energy in the EMP is enhanced by an increase in yield.
This is particularly true for frequencies above 10 MHz. The increase in
yield produces faster rise times and decay times. Higher yields produce
larger peak fields and narrower pulses. Increases in yield passed that

needed to saturate the electric field produce limited changes in the
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energy in the EMP,

4) Decreasing the angle of intersection between the geomagnetic
field and the slant range decreases the energy associated with the
electric field. Varying this angle between 90° and 60° has little
effect on the resulting EMP. Varying this angle between 60° and 30°
results in a large reduction in the EMP. Tnis effect is due to a

reduction of the phi component of the Compton current,

RECOMMENDATIONS

SPATIAL STEP REDUCTION. The behavior of the late time electric

fields could be improved by increasing the number of spatial steps fron
50 to at least 100. Figure #.5 shows the improvement made for the base
case. A larger number of steps may be required for some cases. The
»ffects on the frequency profile were small for the base cise bul
confidence would be increased in other results if this recommendation is
implemented.

REFINEMENTS 29 THE LORENTZ MODEL. The Lorentz model 1is an

approximation used to model secondary electron behavior. The secondary
electrons are assumed to be created at the equilibrium temperature of
the electrons in the local electric field. The potential impact of this
approximation is demonstrated by Figure 4.7.

At early times, the growth in the Compton current density is
matched by a growth in the electromagnetic fields generated. The
simultaneous growth of secondary electron density increases air
conductivity and limits the growth of the electromagnetic field. The
peak field strength and frequency profile dare sensitive to the phasing

of the Compton current density and conductivity growth.
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Secondary electrons are born with temperatures above the

equilibrium temperature. For dry air, the electron mobility is reduced
by an increase in the temperature, A derivation of the relationship
between electron temperature and mobility is presented by C., £, Baum
(Ref 1). The Lorentz model overestimates the secondary electron
mobility from birth to thermalization.

Two approaches are identified. The first approach is discussed by
L. W. Seiler (Ref 15:24), The secondary electron collision frequency is
assumed to be linear function of time between birth and thermalization.
Another approach is used by Karzas and Latter (Ref 10). In the
reference, Age Theory is used to find the average electron mobility for
a given alﬁha. This is the same approach used to find single group
cross sections for systems of neutrons. The last approach appears to be

more flexible for application in EMPFRE.

SPECTRUM HARDENING. Incorporating a model to treat spectrum

hardening is proposed as a follow-up thesis. The first step is the
development of a method to determine an effective gamma ray energy for a
given gamma ray spectrum. Important characteristics to consider are
MFP, Compton electron energy and Compton electron deflection angle, The
second step 1s to model the shift.in effective gamma energy as the pulse
‘propagates through the atmosphere. Lt A. Dooluy (GNE-SUM) worked on a
thesis to model the impact on gamma ray spectral characteristics due to
attenuation by the atmosphere. The results from this work may provide

the data needed to develop a model for spectrum hardening.
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APPENDIX A

VERIFICATION OF EMPFRE

FOURIER TRANSFORM. The numerical method used to compute the

continuous Fourier transform is verified by applying it to a test case
which is solved analytically in the class notes (Ref 7:122). The

electric field is written as:
E(t) = E°°[EXP(-at)-EXP(—Bt)] TA.1)

where: Eo =1x105 volts/meter
a :1x107 second"

8 =5x107 second™!

This model describes a pulse which rises to a peak in a few shakes and
then decays in several shakes (Figure A.1). The analytic solution is

written as:

B

5

o (8-a)2
e(w) = (A.2)
W3t (alewl) (22402)

where: -()) -energy (joule-second/meterz)
w -angular frequency (radians/second)

n:uo/ Eo

The method used to perform the Fourier transform is described in Chapter
IV. The electric field is truncated at 4 shakes and the Fourier

transform is performed on the resulting pulse. The truncated form of

the pulse is shown in Figure A.1,
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The solution from EMPFRE is compared to the analytic solution in

Figure A.2. At low frequencies, EMPFRE underestimates the energy
because of the pulse truncation. At frequencies above 100 MHz, EMPFRE
overestimates the energy because of the sampling freguency. The
parametric studies deal with the frequency range between 100 KHz and 100
MHz. The sampling rate was chosen to provide accurate results up to 100

MHz. Accuracy beyond 100 MHz would require higher sampling rates.

ELECTRIC FIELDS. HEMPB is a computer code used at the Air Force

Weapons Laboratory to model EMP, Lt D. Benzer provided HEMPB output for
use as a test case. The burst parameters are provided below.
HOB = 100 Km (4.3)
Gamma Yield = 0.01 Ktons (A.4)

Target Location: LONGITUDE 5°W
LATITUDE SO0°N

Burst Location: West of Target

Slant Range = 628 Km (A.5)
Geomagnetic field = 5.6x10"0 Weber s/m” (A.6)
Gamma Ray Energy = 2.5 MeV (A.7)
Alpha = 5.0x108 second™! {A.8)
Beta = 0.55x108 second=' (A.9)
TP = 3.Ox‘|0"8 seconds (A.10)

The peak electric and magnetic fields are computed for 26 ranges along
the slant range (Table A.1). Computations start at a range of 257 Km
from the burst and step toward the target. Computations end when the

Compton current's effect on the EMP become small. The electric field is

then calculated at the target allowing for 1/r attenuation.
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The burst parameters for EMPFRE were generated to match the test
scenario. Figures 3.2 and 3.3 are used to find the declination and dip

angle of the geomagnetic field.

Declination = 159 West (A.11)
Dip Angle = 70° North ra.12)
X = (628 Km) + COS(15°) = 6,06E5 meters (A.13)
Y = (628 Km) « SIN(15°) = 1,63E5 meters (A.14)
Z = 1.0x10° meters (a.15)
Beta = 5.55x108 seconds™ (AJ16)

Other parameters follow directly from above.

The peak electric field predicted by EMPFRE is 285 volts. / meter.
The prediction from HEMPB is 198 volts/meter. The most likely cause for
the error is due to the flat earth approximation and its effect on the
atmosphere profile along the slant range. This source of error will
have no impact on the results of the parametric studies because the

targets are at ground zero.

S




10
11
12
13
14
15
16
17

18

19
20

21

ALT(Xm)
60.000
57.910
55.857
53.841
51.851
49.917
48.011
46,142
i 44.309

4h2.512

| u0.752
i 39.030
' 37,30
35.695
34,083
32.508

30.970

29.469
28.005
26.578

25.188

RANGE (Km)
256.80
272.26
287.73
303.19
318.66
334.13
349.59
365.06
380.53
395.99
411,46
426.92
h4y2.39
457.86
473.32
488.79
504.25
519.72
535.19
550.65

566.12

627.98

A\ -

E-MAX(V/M)
0
70.7u44
102.61
135.70
170,13
209.13
250.58
294,02
338.72
383.57
419.32
4yy.98
460.45
467.27
464.87
455.48
442.72
429,48

Table A.1 Maximum Electric Fields From HEMPB
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APPENDIX B

PROGRAM DESCRIPTION AND LISTING

EMPFRE calculates the gamma ray induced EMP from a high altitude
nuclear detonation. The program is written in FORTRAN IV. A listing of
EMPFRE is provided along with comments to identify key variables and
procedures. A detailed explanation of the methods employed is provided
in Chapter III, Parameter variations are made by editing the code. The
results are written to a tape. Another program accesses the tapes and
generates a plot using DISSPLA8. EMPFRE generates the electric field
and continuous Fourier transform for one scinario. Execution time on

the TYBER-750 is roughly 5 seconds per electric field evalustion made.

o

Key flow diagrams are given in ®igures 8.1 and B,
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INITIALIZE KEY PARAMETERS

!
SUBROUTINE DYNAMIC: CALCULATES ]|
COMPTON ELECTRON PARAMETERS |
-IHON PARRMETERS

; SETS LIMITS FOR SPATIAL INTEGRATION
q .
NORMALIZE YIELD FUNCTION
- !
' SUBROUTINE EFIELD: CALCULATES | !
l ELECTRIC FIELDS
i
SUBROUTINE FOURIER: CALCULATES I !
CONTINUOUS FOURIER TRANSFORM | !

END,

———

' -
/ RECORDS RESULTS ON TAPE // !
T }
|
}
:‘

FIGURE B.1 Flow Diagram For Program EMPFRE




lSTART'

}
| _INITIALIZE PARAMETERS
]

{ __LOOP 21: TIME INCREMENTED :>-—~——————~]
T

{ LOOP 31: PCSITION INCREMENTEL =" l
] |

i FUNCTION FLUX: CALCULATES [‘ {

{ | _ELECTRON GENERATION DENSITY || !
I .

| | FUNCTION EMOBIL: CALCULATES |

. LA ELECTRON MOBILITY ;
M ;

|SUBROUTINE CURRENT: CALCULATES ]!

. COMPTON CURRENT DENSITY .

- T . i

TSUBROUTINE AIRCHEM: CALCULATES ;
ATR CHEMISTRY PARAMETERS

. SUBROUTINE RNGKUT: CALCULATES '
| THETA ELECTRIC FIELD
TRIC

[

| SUBROUTINE RNGKUT: CALCULATES ' i
PHI ELECTRIC FIELD R '

T S

| SUBROUTINE KUTRNG: CALCULATES || ?
by RADIAL ELECTRIC FIELD | 1

{
. CALCULATE TOTAL ELECTRIC FIELD |

{
31 !
\_CALCULATE ELECTRIC FIELD AT TARGET |
-

\ 21} -

s

P C—

\ ~—
(=)

FIGURE B.2 Flow Diagram For Subroutine EFIELD
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